Structural health monitoring (SHM) is important for reducing maintenance costs while increasing safety and reliability. Piezoelectric wafer active sensors (PWAS) used in SHM applications are able to detect structural damage using Lamb waves. PWAS are small, lightweight, unobtrusive, and inexpensive. PWAS achieve direct transduction between electric and elastic wave energies. PWAS are essential elements in the Lamb-wave SHM with pitch-catch, pulse-echo, phased array system and electromechanical impedance methods. This paper starts with the state of the art on the impedance method for PWAS applications. Then, finite element impedance model for free and bonded PWAS with different sizes and shapes will be given. Experiments showed that the real part and imaginary part of PWAS had different usage. Applications of impedance-based structural health monitoring indicate impedance method as a good candidate for damage detection and sensor durability verification for SHM smart sensor.
INTRODUCTION

Background
Impedance-based structural health monitoring techniques have been developed as a promising tool for real-time structural damage assessment, and are considered as a new non-destructive evaluation method. The in-situ impedance is critical for the interfacing of the PWAS with the external electronics. Impedance controls how much energy gets from the electronics into the PWAS and how much energy is extracted back into the electronics.
The electro-acoustical transfer functions of the transmitting and receiving PWAS transducers are determined by the stress and strain coupling between the PWAS and the host structure. Auld (1990) pointed out that it is not sufficient to calculate the amplitude of the radiated acoustic wave in terms of the electric current (or voltage) applied at the input terminals of the transducer, since the acoustic field reacts back on the electrical source and, in this way, affects the level of excitation. This back reaction always occurs when the electrical source has finite impedance. For a PWAS transducer, the input impedance will depend on the intrinsic transducer capacitance C and on the effects of acoustic radiation. Figure 1a presents a set of experimental results obtained from previous work. The real part of the measured PWAS impedance presents two distinct features: (a) a rather regular pattern of wide peaks and valleys spanning a few hundreds of kHz each; and (b) dense zigzags of finer peaks riding on them. Intuitively, the wide peaks and valleys are associated with Lamb-mode tuning. At the same time, the dense zigzags represent local resonances of the structural modes. However, a comprehensive analytical exploration of this phenomenon does not yet exist. Examination of the specialized literature reveals that a similar phenomenon was observed in connection with Rayleigh-wave interdigitated surface acoustic wave (SAW) devices and delay lines. One difference between the SAW devices and the PWAS transducers is that the former have only one Rayleigh-wave tuning peak, while the latter have several peaks, each associated with a different Lamb mode. Another difference is that the SAW devices do not couple with the underlying structure, while the PWAS transducers couple strongly with the underlying structure and are sensitive to the structural resonances.
(a) 
Motivation
The purpose of this paper is to develop the analysis methods to predict the in-situ impedance of PWAS interacting with structural Lamb waves. Then, these expressions will be used to analyze the power flow and determine the conditions for operation under minimum-power conditions.
STATE OF THE ART
The theoretical development of the impedance measurements to structural health monitoring was developed by Lian et al. The impedance of PWAS was analytical modeled for simple structures. Giurgiutiu and Zagrai (2000) gave the detailed derivation of complex formulas for admittance and impedance of piezoelectric bar. They assumed harmonic excitation and considering the 1-D equation of motion, the free PWAS admittance can be described as 2 31
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where ω n and ζ n are the modal frequencies and damping ratios, while u and w signify axial and flexural displacements, respectively.
Giurgiutiu and Zagrai considered PWAS radial mode vibration of a thin disk. The 2-D analysis of PWAS immittance for circular-crested Lamb waves were performed in cylindrical coordinates using the Bessel functions formulation. In previous work, the PWAS immittance for circular vibrations, we determined analytical expressions for the admittance and impedance of a PWAS mounted on a 2-D structure undergoing axisymmetric radial and flexural vibrations:
where the stiffness ratio χ(ω)=k str (ω)/k PWAS was calculated using the axisymmetric radial and flexural vibration modes,
This equation can be used to predict the admittance and impedance frequency response. As the excitation frequency varies, and resonance and anti-resonance frequencies are encountered. In practice, admittance and impedance magnitudes always display some limited values due to the effects of internal losses inside piezoelectric material.
FINITE ELEMENT ANALYSIS OF PWAS IMPEDANCE
The analytical model of PWAS impedance has been explored and verified under 1-D linear and 2-D radial mode structure. For more complex structure, the analytical model is hard to be solved. The Finite Element Analysis is a commonly used tool for design and optimization of piezoelectric transducers. It allows the accurate calculation of resonance modes and frequencies as well as impedance spectra. However, the limitation of memory and computing time makes it only useful for small structure. The commercial FEM package ANSYS was used for the modeling described in this work. The 3-dimensional models were built by SOLID5 elements. These are 3-D coupled-field brick elements with eight nodes and six degrees of freedom (3 displacements, voltage, scalar magnetic potential and temperature). Here, only the electromechanical coupling was employed. For the modeling we applied the material parameters of APC-850 (Table 1) provided by APC International Ltd. The nodes of the bottom and top planes were defined as electrodes by a common electrical potential equal to the driving voltage and the ground potential, respectively. The impedance spectra of PWAS were modeled with the harmonic response analysis of ANSYS. 
Impedance of Free PWAS
The analytical model equation (4) can be used to predict the 1-D admittance and impedance frequency response. As the excitation frequency varies, and resonance and anti-resonance frequencies are encountered, the admittance and impedance go through +∞ to -∞ transitions. In practice, admittance and impedance magnitudes always display some limited values due to the effects of internal losses inside piezoelectric material.
Comparison of theoretical, FEM and experimental impedance of free circular PWAS are shown in Figure 2 . The analytical and FEM methods can predict the resonance frequency very well. For square PWAS, FEM method impedance spectra agreed with experimental result well. 
Impedance of rectangle PWAS
For rectangular PWAS, both length and width will contribute to impedance resonance frequency. The impedance of length and width can be superposed together to approximately predict the impedance spectrum. Using this concept, the theoretical value for a 25 mm x 5 mm x 0.15 mm rectangular PWAS was shown in Figure 3 . The approximately analytical impedance after superposition of the length and width impedance, the FEM impedance and the experimental impedance spectra are shown in Figure 3 . The superposition analytical can predict the impedance of rectangle PWAS at low frequency range. The FEM analysis gives better results. 
Impedance of PWAS bonded on a circular plate
Giurgiutiu and Zagrai considered a thin, isotropic circular plate with a PWAS surface-mounted at its center. Under PWAS excitation, both axial and flexural vibrations are set in motion. The structural dynamics affects the PWAS response modifies its electromechanical impedance. They use 2-D analysis of PWAS and structure impedance to model the interaction between the PWAS and the structure and to predict the impedance spectrum that would be measured at the PWAS terminals during the structural process. The experimental specimen is shown in Figure 4 . The analytical calculation predicted the resonance impedance very well. (Figure 5 (a))
The FEM model gave more control ability to predict the impedance spectra. 
Impedance model of PWAS array
In damage detection experiment on thin-plate structure by using guided waves, Giurgiutiu and Bao (2001) , integrate the embedded ultrasonic sensor radar algorithm into it. For convenience, this system is called EUSR. They used square PWAS to bond on the structure. The sensor layout is shown in Figure 7 . The consistence of PWAS bond is essential to the propriety damage detection. We used the impedance method to check the consistence.
(a) Figure 7 PWAS array (a) 9-element PWAS array with 7-mm square PWAS PWAS array installed one by one ( Figure 7 ) has its advantage; the nearby PWAS in the array will not affect each other. But its disadvantage is that you may not install consistent. An alternative way is to install PZT sheet first and then deposit the electrodes to make them as PWAS arrays. Figure 8 showed the 2-D PWAS array with thirty-two 7-mm square electrodes on top. The 2-D PWAS array has its advantage in installation and consistence but it is more complicated. The nearby PWAS will constrained each other and affect the impedance. To study the constrain affect to the impedance, the FEM models of a single PWAS (no constrain), PWAS electrode at a corner (2-side constrain) and PWAS electrode at center (4-side constrain) were made to analyze the impedance spectra. It is shown in Figure 9 (a). The impedance spectra of these models are in Figure 9 (b). 
IMPEDANCE AS QUALITY CONTROL
Impedance Spectrum Check
The intrinsic E/M impedance and admittance spectra of the PWAS, before being attached to the structure, were measured with the HP 4194A Impedance Phase-Gain Analyzer. Center clamping conditions were simulated and the wafer could perform free vibrations while being tested. To obtain the intrinsic E/M impedance and admittance spectra, the PWAS were tested in the 100Hz ⎯ 12MHz frequency range using the HP 4194A Impedance Analyzer. The data was collected through the GPIB interface and processed in MS Excel. 
The E/M impedance and admittance spectra of the PWAS, after being attached to the structure, were measured with the HP 4194A Impedance Phase-Gain Analyzer as baseline data. The wafer could perform in-plate vibrations while being tested. To obtain the E/M impedance and admittance spectra, the PWAS were tested in the 100Hz ⎯ 2MHz frequency range using the HP 4194A Impedance Analyzer. The data was collected through the GPIB interface and processed in MS Excel. 
CONCLUSION AND FURTHER WORK
The finite element method was used to model the free and bonded PWAS. The results agreed very well with the analytical and experimental impedance spectra. A simulated crack was added to the structure finite element models to monitor the impedance spectra change. The next step will consider the effective structural stiffness and impedance presented by the structure to the PWAS when the structure is experiencing propagating waves. This will be achieved by separating the PWAS from the structure, and replacing its effect with interaction forces. For each Lamb wave mode, a corresponding surface velocity will be calculated. The total surface velocity will be determined by the summation of all Lamb modes. Dividing the force by velocity, the effective structural impedance and the electromechanical impedance of the PWAS installed on a structure experiencing propagating Lamb waves will be determined. This approach will be extended by considering the multimodal Lamb waves instead of single-modal axial and flexural waves. We will consider a multitude of Lamb-waves that will be selectively tuned to explain the experimental data. 
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